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Abstract 
Methane production from anaerobic digestion of waste activated sludge (WAS) is 
limited by the slow hydrolysis rate and/or poor methane potential of WAS. This study 
presents a novel pre-treatment strategy based on indigenous iron (in WAS) activated 
peroxidation to enhance methane production from WAS. Pre-treatment of WAS for 30 
min at 50 mg H2O2/g total solids (dry weight) and pH 2.0 (iron concentration in WAS 
was 7 mg/g TS) substantially enhanced WAS solubilization. Biochemical methane 
potential tests demonstrated that methane production was improved by 10% at a 
digestion time of 16 d after incorporating the indigenous iron activated peroxidation 
pre-treatment. Model-based analysis indicated that indigenous iron activated 
peroxidation pre-treatment improved the methane potential by 13%, whereas the 
hydrolysis rate was not significantly affected. The economic analysis showed that the 
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proposed pre-treatment method can save the cost by $112,000 per year in a treatment 
plant with a population equivalent of 300,000. 
 
Keywords: Waste activated sludge; Indigenous iron; Hydrogen peroxide; Peroxidation; 
Methane; Anaerobic digestion 
 
1. Introduction 
Large amounts of organics in wastewater are converted to waste activated sludge (WAS) 
during biological wastewater treatment (Hao et al., 2010, 2011; Ma et al., 2015). Sludge 
treatment and disposal are quite expensive, accounting for up to 60% of the total 
operational cost in wastewater treatment plants (WWTPs). Anaerobic digestion has been 
attracting extensive attention due to its ability of producing renewable bioenergy 
resource in the form of methane from WAS (Li et al., 2012; Park et al., 2014; Tezel et al., 
2014). Nevertheless, the methane production from anaerobic digestion is often limited 
by the slow hydrolysis rate and poor biochemical methane potential of WAS. Therefore, 
many methods including mechanical, thermal and chemical treatment have been used to 
enhance the methane production from anaerobic digestion of WAS (Jang and Anh, 2013; 
Hidaka et al., 2013; Fang et al., 2014). These technologies destroy cells and/or 
extracellular polymeric substances (EPS) with the release of intracellular and/or 
extracellular constituents to the aqueous phase. The released constituents are more 
easily biodegraded during anaerobic digestion, thereby enhancing methane production. 
  
3 
 
However, most of the above mentioned approaches are cost intensive due to high energy 
and/or chemical requirements (Foladori et al., 2010). Thus, alternative methods to 
enhance methane production in anaerobic digestion are needed. 
 
The Fenton peroxidation process based on the Fenton reaction has been developed for 
more than one century. In the Fenton reaction, hydroxyl radical (•OH) is produced by 
the reaction between hydrogen peroxide (H2O2) and iron cation under acidic condition 
(Eq.1). Hydroxyl radical is a strong oxidant, which could destruct cells and/or EPS 
effectively (Dewil et al., 2005; Steriti et al., 2014; Kato et al., 2014).  
 
Fe(II)+H2O2→Fe(III)+•OH+OH-                                       Eq.1                  
 
The Fenton peroxidation process has been widely used for the sludge conditioning 
process (Dewil et al., 2005; Zhou et al., 2014a). For example, it was found that the 
peroxidation process could improve the sludge dewaterability due to its destructive 
effect on cells and/or EPS (Dewil et al., 2005). Many studies demonstrated that Fenton 
peroxidation process is a cost effective method (Neyens and Baeyens, 2003; Neyens et 
al., 2003). 
 
Recently, some alternative peroxidation methods are also developed for sludge 
conditioning. According to the recent study, the indigenous iron in WAS could also react 
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with hydrogen peroxide to make the peroxidation process happen. This could avoid the 
addition of Fe(II), thereby reducing the cost (Zhou et al., 2015). It has been 
demonstrated that the sludge dewaterability can also be improved through the 
indigenous iron activated peroxidation process. At the same time, the cells and/or sludge 
flocs were destructed obviously.  
 
The above research discoveries led us to hypothesize that WAS pre-treatment using the 
indigenous iron activated peroxidation process can also enhance anaerobic methane 
production due to the destruction of  sludge structure, which would be a different 
application of the method. To verify this hypothesis, the effect of indigenous iron 
activated peroxidation pre-treatment process at 50mg H2O2/g total solids (TS) and pH 
2.0 (7 mg indigenous iron/g TS) on WAS solubilization and biochemical methane 
production was evaluated. The reaction condition was based on the results of sludge 
dewaterability enhancement by peroxidation process. (Zhou et al., 2014b, 2015). 
 
The enhancement of methane production was interpreted using model-based analysis to 
determine both the hydrolysis rate and the biochemical methane potential.  
 
2. Materials and methods 
2.1. Sludge sources and chemicals 
The full-scale WAS used in this study was collected from a local (Brisbane, Australia) 
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biological nutrient removal WWTP with a sludge retention time of 15 d. The main 
characteristics of the WAS (with standard errors obtained through triplicate 
measurements) were: TS 13.9±0.2 g/L, volatile solids (VS) 10.1±0.3 g/L, total chemical 
oxygen demand (TCOD) 14.6±0.1 g/L, soluble chemical oxygen demand (SCOD) 
0.11±0.01 g/L, pH=6.9, Iron concentration 7 mg/g TS. 
 
For the biochemical methane potential (BMP) tests to be further described in section 2.3, 
the inoculum was harvested from a mesophilic anaerobic digester treating mixed 
primary sludge and WAS in the WWTP from which WAS was collected. Its main 
characteristics (with standard errors obtained through triplicate measurements) were: TS 
21.2±0.2 g/L, VS 15.3±0.2 g/L, TCOD 24.3±0.2 g /L, SCOD 0.59±0.01 g /L, pH=7.5. 
 
For the pre-treatment process, the H2O2 with a stock concentration of 30% 
(Chem-Supply Co.) was used. For pH adjustment to be described in section 2.2, 30% 
hydrochloric acid (Sigma–Aldrich Co.) and 1 mol/L NaOH solution (prepared by NaOH 
pellets from Sigma–Aldrich Co.) was applied.  
  
2.2. Pre-treatment of WAS with indigenous iron activated peroxidation 
A group of batch tests was performed to evaluate the effect of indigenous iron activated 
peroxidation pre-treatment on WAS solubilization.  
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In each test, a 250 mL glass flask was used with the addition of 100 mL WAS. For Test 
Nos. 1 and 2, pH was not controlled and was observed to be 6.9. No hydrogen peroxide 
was added in Test No. 1, whereas hydrogen peroxide was added in Test No. 2, resulting 
in a hydrogen peroxide concentration of 50 mg/g TS. For Test Nos. 3 and 4, pH was 
adjusted to 2.0 by 30% hydrochloric acid. No hydrogen peroxide was added in Test No. 
3, whereas hydrogen peroxide was added in Test No. 4, resulting in a hydrogen peroxide 
concentration of 50 mg/g TS. The flasks were then mixed at 100 rpm for 30 min by an 
orbital shaker. After the pre-treatment, the samples from each test were taken for SCOD 
analysis. The pH values of the sludge samples were adjusted to 6.9 by 1 mol/L NaOH 
solution after the pre-treatment. The pre-treatment was performed for one time but with 
the data measured in triplicate. 
  
2.3. Anaerobic biochemical methane potential (BMP) tests 
Methane production from WAS with and without indigenous iron activated peroxidation 
pre-treatment was assessed using BMP tests, as described in Jensen et al. (2009). The 
BMP tests were performed in 160 mL serum bottles (100 mL working volume) with 
50mL inoculum and 50 ml WAS with an inoculum to WAS ratio of 1.5 (VS basis). The 
vials were flushed with nitrogen gas after mixing the inoculum and WAS, sealed with a 
butyl rubber stopper retained with an aluminium crimp-cap and stored in a temperature 
controlled incubator at 37 ± 1 °C. BMP bottles were well mixed by inversion for several 
times prior to each sampling event. A blank was also set up, which contained 50ml 
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milli-Q water and 50ml inoculum. All tests were operated in triplicate. The BMP tests 
were conducted for 23 days. The biogas (CH4, CO2, H2) production from WAS was 
obtained by subtracting that produced from the blank. The methane production was 
reported as the volume of methane produced per kilogram of VS added (L CH4/kg VS 
added).  
 
2.4. Model-based analysis of BMP test results 
The hydrolysis rate (k) and biochemical methane potential (B0), two key parameters 
associated with methane production, were used to evaluate and compare methane 
production kinetics and potential of the WAS with and without indigenous iron activated 
peroxidation pre-treatment. They were estimated by fitting the methane production data 
from BMP tests to a first-order kinetic model using a modified version of Aquasim 2.1d 
with sum of squared errors (Jopt) as an objective function (Batstone et al., 2009).  
The first-order kinetic model (Batstone et al., 2009; Rao et al., 2000) was shown in Eq 
2: 
B(t)=B0 (1-e-kt)                                                     Eq.2 
where B(t)=cumulative methane production at time t (L methane/kg VS added); t=time 
(d). 
Based on the determined B0, the degradation extent (Y; unitless) of WAS was 
determined using Eq.3: 
Y= B0/380×RWAS                                                     Eq.3 
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where B0=biochemical methane potential (L CH4/kg VS added); 380=theoretical 
biochemical methane potential of WAS under standard conditions (25 °C, 1 atm) (L 
CH4/kg TCOD) (Metcalf and Eddy, 2003); RWAS=measured ratio of VS to TCOD in the 
studied WAS (i.e. 0.69 in this study);  
           
2.5. Analytical methods 
The SCOD in WAS filtrate was measured by standard method, after the oxidization and 
heating of the samples, the concentration of SCOD was then measured by 
spectrophotometer. COD of sludge was tested by COD cuvette tests (Merck, range 500 
– 10000 mg/L). The biogas volume was measured by a manometer at the start of each 
sampling event. Cumulative volumetric gas production was calculated from the pressure 
increase in the headspace volume (60 mL) and expressed under standard conditions 
(25 °C, 1 atm). At each sampling event, the biogas composition (CH4, CO2, H2) was 
analyzed by Shimadzu GC-2014 gas chromatograph equipped with a Valco GC valve 
and a thermal conductivity detector based on gas chromatography, each composition 
could be separated and then analyzed by chromatographic columns (APHA, 1998). 
Significant difference among different groups was performed by one-way ANOVA 
analysis, statistical significance was shown by p <0.05. SPSS 11.5 for Windows (SPSS 
Inc., Chicago, IL) was applied to perform the Statistical analysis. 
3. Results and discussion 
3.1. Effect of indigenous iron activated peroxidation pre-treatment on WAS 
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solubilization 
All the pre-treatment conditions (see 2.2) applied resulted in release of SCOD. The 
released SCOD from original sludge (Test No.1) was 8±1 mg/g TS. Hydrogen peroxide 
pre-treatment (50 mg/g TS at pH 6.9; Test No.2) led to an increase of SCOD by 10±1  
mg/g TS. The acid pre-treatment at pH 2.0 (Test No.3 1) was more effective in WAS 
solubilisation, with the released SCOD being 63±2 mg/g TS. The increased SCOD in 
the case of indigenous iron activated peroxidation pre-treatment (Test No.4) was 103±7  
mg/g TS. This was significantly higher (p<0.05) than the sum of those obtained by 
hydrogen peroxide and acid pre-treatment alone (i.e. Test Nos. 2 and 3). That implied 
the occurrence of indigenous iron activated peroxidation reactions. The higher release of 
SCOD implies that more cells and/or EPS were destroyed and became soluble 
substrates from particulate substrates.  
 
3.2. Effect of peroxidation pre-treatment on biochemical methane production 
The measured methane production in all tests over the whole BMP test period is shown 
in Fig. 1.  
 
In general, only the indigenous iron activated peroxidation pre-treatment (see Test No.4 ) 
improved the methane production (p<0.05), with the highest improvement being 10%, 
achieved on Day 16, compared with the case without pre-treatment (Test No.1). In 
comparison, the other cases (Test Nos. 2 and 3) didn’t significantly enhance methane 
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production
 
(p>0.05) compared with the case without pre-treatment (Test No.1). 
  
According to Fig.1, the methane production was still increasing while the batch tests 
ended. However, the hydraulic retention time of an aerobic digestion is generally 
between 15 and20 days (Metcalf and Eddy, 2003). Therefore, for the purpose of 
practical application, the batch tests only lasted for 23 days. 
 
To interpret the enhanced methane production by indigenous iron activated peroxidation 
pre-treatment, a first-order model was used to estimate the hydrolysis rate (k) and 
biochemical methane potential (B0). The simulated methane production curves using the 
first-order model are shown in Fig. 1, which indicates the model could reasonably 
describe the methane data. Table 1 shows the estimated k and B0 for WAS subject to 
different pre-treatment conditions. According to Table 1, B0 was enhanced by 13% 
(from 264 to 298 L CH4/kg VS) in the case of indigenous iron activated peroxidation 
pre-treatment compared with the case without pre-treatment (Test No.1), while the other 
cases (Test Nos. 2 and 3) did not significantly enhance B0 (p>0.05). Correspondingly, 
the degradation extent (Y) in the cases of control, hydrogen peroxide and acid 
pre-treatment (i.e. Test Nos. 1, 2 and 3) was similar, whereas Y was enhanced by 13% 
(from 0.48 to 0.54) in the case of indigenous iron activated peroxidation pre-treatment 
compared with the case without pre-treatment (Test No.1). This indicates that less 
sludge (13%) was produced in the case of indigenous iron activated peroxidation 
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pre-treatment. However, k was similar among all the pre-treatment conditions (p>0.05).  
 
According to the results, the methane production is affected by both hydrolysis rate (k) 
and biochemical methane potential (B0). Although k slightly decreased in T4, B0 
increased. This explained the increased methane production. The increase B0 indicated 
that part of the un-biodegradable substances in WAS was transformed into 
biodegradable substances after peroxidation processes. However, the relationship 
between the similarities of k values and the improvement of methane production still 
needs further investigation in the future. 
 
3.3. The mechanisms on the enhanced methane production after indigenous iron 
activated peroxidation pre-treatment  
According to the results, the indigenous iron activated peroxidation pre-treatment 
process (i.e. Test No. 4) could result in more SCOD release than the sum of those 
obtained by hydrogen peroxide and acid pre-treatment alone (i.e. Test Nos. 2 and 3). 
This indicated the occurrence of indigenous iron activated peroxidation reactions. It also 
implied that more cells/EPS was destructed during the indigenous iron activated 
peroxidation pre-treatment process.  
 
The amount of soluble iron cations could affect the production of hydroxyl radical and 
therefore further influence the peroxidation efficiency. Normally, higher concentration 
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of soluble iron cations could react with more hydrogen peroxide (Eq.1) and therefore 
facilitate the production of hydroxyl radicals, thereby enhancing the destructive effect 
on cells and/or EPS. According to Zhou et al., (2015), it was found that in the presence 
of hydrogen peroxide, the indigenous iron could be released under acidic condition. 
Therefore, more soluble iron was present in the presence of hydrogen peroxide under 
acidic condition than that in the system without pH adjustment (neutral pH). As a result, 
more destruction of cells and/or EPS would occur, which would promote methane 
production. A more detailed understanding of the mechanisms involved in the 
indigenous iron activated peroxidation pre-treatment of sludge will help identify the 
optimal treatment conditions, and further research is required. 
 
3.4. Economic analysis of indigenous iron activated peroxidation pre-treatment for 
enhancing methane production 
It has been demonstrated that the results of lab-scale BMP tests are more conservative 
or comparable to the results of full-scale tests (Batstone et al., 2009). Therefore, the 
experimental results acquired in this study through the laboratory BMP tests can be used 
(although may be conservative) for estimating the potential economic feasibility of the 
proposed indigenous iron activated peroxidation pre-treatment method. A desktop 
scaling-up study on a full-scale WWTP with a population equivalent of 300,000 and 
with an anaerobic digester at a hydraulic retention time of 16 d was conducted to 
evaluate the potential economic benefit of the indigenous iron activated peroxidation 
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pre-treatment. A system with an annual methane production of approximately 299,000 
kg CH4 was used as a control. A system with hydrogen peroxide at 50 mg/g TS at 
pH=2.0 (i.e. indigenous iron activated peroxidation pre-treatment) was designed to 
obtain a 10% increase in methane production (i.e. 330,000 kg CH4 per annum). The 
methane produced was considered to be combusted in a cogeneration plant in order to 
produce both power and heat (power generation efficiency of 40% and heat generation 
efficiency of 50%) (Carballa et al., 2011). The costs/benefits caused by the introduction 
of indigenous iron activated peroxidation pre-treatment were estimated, as summarized 
in Table 2.  
 
As shown in Table 2, the net economic benefit of the indigenous iron activated 
peroxidation pre-treatment is estimated to be around $112,000, per annum compared 
with the system without pre-treatment. The net benefit arises from the enhanced 
methane production associated benefit (i.e. its conversion to heat and power) and 
decreased WAS transport and disposal costs overweighing the additional costs for WAS 
pre-treatment. Therefore, the indigenous iron activated peroxidation pre-treatment is 
economically attractive. It should also be noted that this is only a proof-of-concept 
study and is the first step to investigate the proposed strategy. Therefore, the benefit and 
cost values presented should be considered as preliminary and indicative only. In 
particular, they may vary from region to region and from country to country, depending 
on the local conditions. In addition, the economic analysis also needs to be carried out 
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again to better evaluate the economic feasibility of the proposed strategy after 
performing pilot- or full-scale trials. It should also be highlighted that technology 
optimization (e.g. optimization of the H2O2 concentration, pH and treatment time) 
would be needed to achieve a higher methane production in the future. 
 
4. Conclusions 
The feasibility of enhancing anaerobic methane production based on a novel indigenous 
iron activated peroxidation pre-treatment was investigated through laboratory BMP tests. 
The main conclusions are: 
• The indigenous iron activated peroxidation pre-treatment is effective in 
enhancing anaerobic methane production from waste activated sludge (WAS). 
• The indigenous iron activated peroxidation pre-treatment could improve the 
biochemical methane potential of the WAS, but could not significantly affect the 
hydrolysis rate. 
• The indigenous iron activated peroxidation pre-treatment is a potentially 
economically attractive technology for enhancing anaerobic methane production, 
particularly considering that the iron can be obtained in-situ from the WAS.  
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Figure captions 
Fig . 1. Cumulative methane production from waste activated sludge with different 
pre-treatment methods (see section 2.2 for the pre-treatment conditions shown in legend) 
and simulated methane production in the BMP tests (lines represent model fit). Error 
bars show standard errors.  
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Table 1. Estimated k (hydrolysis rate), B0 (biochemical methane potential) and Y (WAS 
degradation extent) during pre-treatment by a first-order model (see section 2.2 for the 
pre-treatment conditions in different Test Nos.)  
Test No. B0 (L methane/kg VS added) Y k (d-1) 
1 
2 
3 
4 
264±11 0.48±0.03 0.24±0.03 
267±10 
276±10 
0.48±0.03 
0.50±0.03 
0.24±0.03 
0.23±0.02 
298±7 0.54±0.01 0.20±0.01 
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Table 2. Economic analysis of the indigenous iron activated peroxidation pre-treatment 
for enhancing methane production. 
General parameter Values 
Size of the WWTP (Population equivalent - PE) 300,000 
Size of the WWTP (m3 wastewater/d) 
 
100,000 
Decay coefficient of the heterotrophic biomass (d-1) 0.2a 
Decay coefficient of the nitrifying biomass (d-1)  0.1a 
Yield coefficient of the heterotrophic biomass (g COD/g COD)  0.625a 
Yield coefficient of the nitrifying biomass (g COD/g N) 0.24a 
Fraction of inert COD generated in biomass decay (g COD/g COD) 0.2a 
Mixed liquor suspended solid concentration in the bioreactor (mg/L) 4,000 
Mixed liquor volatile suspended solid concentration in the bioreactor 
(mg/L) 
3,200 
Sludge retention time (SRT) in the bioreactor of the WWTP (d) 15 
Solids content in thickened WAS 5% 
Solids content in dewatered WAS 15% 
Hydraulic retention time (HRT) in the anaerobic digester (d) 16 
Methane calorific value (kwh/kgCH4) 16f 
Power price ($/kwh) 0.15 
Cost of WAS transport and disposal ($/wet tonne) 55b 
Conversion efficiency of methane to heat   50%c 
  
23 
 
Conversion efficiency of methane to power   40%c 
Price of H2O2 (50%) ($/tonne) 450d 
Price of HCl (32%) ($/tonne) 150d 
Price of NaOH ($/tonne) 300d 
Period over which capital costs are annualised (i.e. Lifetime) (year) 20e 
Interest applied for initial capital expenditure 8.5%e 
Control system 
WAS fed to the anaerobic digester (tonne VS/y) 1,800 
Methane production (kg CH4/y) 299,000 
WAS production after anaerobic digester (tonne 
VS/y) 
990 
System with 
indigenous iron 
activated 
peroxidation  
pre-treatment 
WAS fed to the anaerobic digester (tonne VS/y) 1,800 
Methane production (kgCH4/y) 330,000 
WAS production after anaerobic digester (tonne 
VS/y) 
900 
WAS treatment time by indigenous iron activated 
peroxidation (h) 
0.5 
pH used in the indigenous iron activated 
peroxidation pre-treatment reactor 
2.0 
Annualised cost of pre-treatment reactor ($/y) 700e 
Annualised mixing cost of pre-treatment reactor 
($/y) 
20 
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Annual cost of H2O2 ($/y) 103,000 
Storage time of H2O2 (d) 30 
Annualised cost of H2O2 storage reactor ($/y) 1,400 
Annual cost of HCl ($/y) 27,000 
Storage time of HCl (d) 30 
Annualised cost of HCl storage reactor ($/y) 1,000 
Annual cost of NaOH ($/y) 19,000 
Storage time of NaOH (d) 30 
Annualised cost of NaOH storage reactor ($/y) 700 
Annual extra heat production from methane 
conversion (compared to the control system) 
(kwh/y) 
260,000 
Annual extra power production from methane 
conversion (compared to the control system) 
(kwh/y) 
210,000 
Annual cost associated with WAS 
pre-treatment ($/y) 
154,000 
Annual reduced WAS transport and disposal 
cost (compared to the control system) ($/y) 
196,000 
Annual extra obtained benefit (compared to 
the control system) due to the extra heat and 
70,000 
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power generation($/y) 
Annual saving ($/y) 112,000 
a Metcalf and Eddy, 2003 
bCost of WAS transport and disposal would be $37/wet tonne in the case of indigenous 
iron activated peroxidation pre-treatment because Class A biosolids would be achieved. 
(Ito et al., 2008; Ksibi, 2006; Neyens et al., 2003; Zhu et al., 2013) 
cCarballa et al., 2011 
d http://www.alibaba.com/ 
eWang et al., 2013; Wang et al., 2014 
f
 Ge et al., 2011; 
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Highlights 
• CH4 production is enhanced by indigenous iron activated peroxidation 
pre-treatment. 
• The improvement in methane production was 10%. 
• Cost saving is $112,000 per year for a large-scale WWTP (300,000 PE). 
 
 
